Rapid Point-Of-Care Tests (POCTs) for Chlamydia trachomatis (CT) may reduce onward transmission and reproductive sexual health (RSH) sequelae by reducing turnaround times between diagnosis and treatment. The io ® single module system (Atlas Genetics Ltd) runs clinical samples through a microfluidic CT cartridge, delivering results in 30 minutes. We evaluated its performance on female genital samples in four UK Genito-Urinary Medicine (GUM)/RSH clinics.
BACKGROUND
Genital infection with Chlamydia trachomatis (CT) is a major public health challenge with over 200,000 CT diagnoses made in England alone in 2016, accounting for nearly half of all new sexually transmitted infection (STI) diagnoses that year 1 . CT infection, which most commonly occurs in young people aged 15-24 years, goes undiagnosed in a large proportion of cases, is often asymptomatic in women (70%) and men (50%), and can lead to serious reproductive health morbidities, such as pelvic inflammatory disease, tubal infertility and ectopic pregnancy 2 . The treatment of new CT diagnoses alone was predicted to contribute to nearly a third of the estimated direct medical costs of treating new STI diagnoses in the UK in 2011 3 .
Shortening the duration of infectiousness (between becoming infected and receiving effective treatment) of CT in at-risk individuals, is key to curbing CT transmission [4] [5] , while shortening the duration of infection can reduce reproductive health complications [6] [7] . The time between testing and treatment can vary widely 8 meaning some patients will wait longer for results and therefore have increased risk of transmitting infection. Public health programmes, such as the National Chlamydia Screening Programme (NCSP) in the UK, set standards for the time to treatment to guide services and reduce variation in care, thereby bringing the average time to treatment down. Nucleic acid amplification tests (NAATs) are recommended for routine diagnosis of CT infections by national and international guidelines 9-11 because of their high sensitivity and specificity, ability to deliver high volume testing and their relatively low cost. In addition to these advantages, NAAT-based point-ofcare tests (POCTs), which enable patients to be tested and treated within the same clinical visit, have the potential to reduce the time to treatment and improve patient care [12] [13] [14] . Rapid NAATs, such as the Cepheid CT/Neisseria gonorrhoeae (NG) GeneXpert assay, have equivalent performance characteristics to traditional lab-based NAATs 15 , but the 90 minute test-run time is too long for the test to be considered a POCT in many healthcare settings 14-16-17 . In addition, studies have shown a significant proportion of service users are unwilling to wait more than around 20 minutes for test results [18] [19] . There is therefore a need for more rapid (≤30 minutes) NAAT-based POCTs to aid accurate and specific diagnoses during one clinic visit.
The Atlas Genetics io® platform is a 30-minute NAAT, single module system. Clinical samples, such as swab eluate, are transferred directly into a microfluidic cartridge for the diagnosis of genital CT in females. The objective of this study was to conduct a performance evaluation of the io® CT assay using genital samples collected from females attending UK Genito-Urinary Medicine (GUM)/Reproductive and Sexual Health (RSH) clinics. Secondary objectives were to assess factors associated with being CT positive to inform on how to potentially implement the io® CT assay in clinical pathways. 
METHODS

Four
Participants
Symptomatic and asymptomatic female participants were recruited prospectively and were considered eligible for the evaluation if they were: attending the participating GUM/RSH clinics and having a routine CT NAAT; aged 16 years or over; able to provide written informed consent; able and willing to provide an additional to routine self-collected vulvovaginal swab (SCVS). We defined participants to be potentially symptomatic for CT if they presented with any of the following: genital itching, discharge (clear or cloudy liquid from the vagina), pain/burning when urinating, needing to pass urine more often than usual, pain deep inside the vagina when having sex, pain just inside or around the vagina when having sex, bleeding after sex, bleeding in between periods or pelvic abdominal pain. Participants were recruited following provision of written informed consent and given a unique participant identifier (participant ID). Routine clinical and demographic data were recorded prospectively by a delegated clinical staff member.
Based on a conservative estimate of the sensitivity of the io® CT assay of 92% (95% confidence interval (95%CI); 81-97) and a mean CT positive rate of 7.5% in GUM/RSH clinics (Hamish Mohammed, Public Health England (PHE), personal communication) the target sample size was 750 females to obtain 50 CT positive female samples. Recruitment of participants formed a convenience sample, with clinics preferentially recruiting participants who they judged were more likely to be CT positive (e.g. CT-positive sexual partner) 21 in order to increase the likelihood of meeting the 50 CT positive target.
Specimen collection
Following collection of the clinic's routine vulvovaginal swab for CT/NG NAAT diagnosis, an SCVS (Copan eNAT® Collection and Preservation System) was provided for the study. If the participant was having a vaginal examination, she was asked to take the SCVS sample before the examination.
Routine vulvovaginal swabs were processed as per clinical protocol, and the additional SCVS samples stored at room temperature, initially in clinic for a maximum of six days, and then transferred at The research sample and case report form data were linked to clinical results using the unique participant IDs. Once all data were matched and data verification complete, the temporarily list linking participant and clinical identifiers was destroyed, thus anonymising the data.
Test methods
Four io® systems were used to test the samples between September 2015 and September 2016. io® CT assay cartridges were kept refrigerated prior to use. Positive and negative io® CT assay control cartridges were run on each io® system daily before sample testing to validate the system. A fixed volume pipette, packaged with each cartridge, was used to withdraw and transfer 500 μl of sample into the cartridge, which was then loaded onto the io® system. The participant ID was scanned into the system and testing started via a touch-screen control. In all cases, results were delivered in 30 minutes as either 'CT detected', 'CT not detected' or 'invalid'. If a sample returned an invalid result, a repeat test was performed on a new cartridge. If invalid a second time, the final result was recorded as invalid. ADREU laboratory staff carrying out the testing on the io® system were blind to participant clinical information and the clinic CT/NG NAAT results.
Estimating diagnostic accuracy
For all samples, the initial comparator test used was the CE-marked Becton Dickinson (BD) ProbeTec™ Qx CT/GC assay (Oxford, UK), run on the BD Viper analyser, as this was the routine CT/NG NAAT used at all participating GUM/RSH clinics. Those conducting the initial comparator test were blind to clinical information and io® CT assay results. The io® CT assay results were compared to the initial comparator test results by the ADREU study Coordinator, and any discordant results identified.
We defined the reference standard 20 as the initial comparator test result when in agreement with the io® CT assay result. If the io® CT assay result did not agree with the initial comparator test result, a further test with the CE-marked QIAgen Artus® C. trachomatis Plus RG PCR kit (Manchester, UK), run on the Qiagen Rotor-Gene Q 2plex HRM PCR thermocycler, was performed according to manufacturer's instructions. In these cases the reference standard was defined as the resolved result when two out of three of io® CT assay, initial reference test and Artus CT assay results were in agreement. This discrepant analysis approach was employed as a result of budgetary and time constraints.
Statistical analysis
Data from the io® system were transcribed manually onto the study database. Data cleaning and validation were performed independently and separately at SGUL and at PHE. Any discrepancies were resolved through checking the original data with the clinics. Data were analysed at PHE using Stata (StataCorp LP v13.1). Missing data were verified, and all initial comparator test results doublechecked, with each clinic. Participants with either a missing io® CT assay or initial comparator test result were excluded from analyses.
Diagnostic accuracy metrics (sensitivity, specificity, positive (PPV) and negative (NPV) predictive values) and their 95% CIs (binomial exact) were calculated. A two-sample chi-squared test was performed to compare results by symptomatic and asymptomatic status and sample storage method (frozen versus unfrozen ("fresh")) ( Table 1) . CT prevalence was assessed at the clinic population level using the GUM Clinical Activity Dataset (GUMCAD) 22 for the clinics involved over the study period to inform if there had been any bias in recruitment. We also compared the impact of the performance measures of the io® CT assay on PPV and NPV using national GUMCAD prevalence data (Hamish Mohammed, PHE, personal communication) (high prevalence setting) as well as from Natsal-3 (National Survey of Sexual Attitudes and Lifestyles) 23 (low prevalence setting), focusing on women aged 16-24 years. Natsal-3 is a population-based prevalence survey representing all adults resident in the UK between the ages of 16-74 years.
Univariate logistic regression analysis of risk factors associated with CT infection (as defined by the reference standard) was conducted. Factors considered significant (p<0.05) were included in a multivariate analysis employing a forward step-wise approach, with age and clinic considered a priori risk factors. The same process was used to determine any factors associated with an invalid io® CT assay result. Factors included in the analyses were: participant age, sexual orientation, having taken medication that would be active against CT infection in the last 6 weeks, being a contact of a CT-positive individual, having had an STI in the last 12 months, whether currently menstruating, whether symptomatic for CT infection, and clinic attended. In the invalid io® CT assay result logistic regression analysis, clinic routine CT NAAT and NG NAAT results were also included as explanatory variables.
RESULTS
Participants and sites
A total of 785 female participants were recruited from the different clinics ( Figure 1 ). 76 participants were excluded from the final analyses, conducted on 709 (90.3%) participants, for reasons including not fulfilling eligibility criteria, missing initial reference test data (clinic BD Viper CT/NG NAAT), and final invalid io® CT assay results. Overall CT prevalence according to the reference standard among the samples tested was 7.2% (51/709; 95%CI 5.4-9.3) with no difference between fresh and frozen samples ( Table 1) . Baseline participant demographic and clinical characteristics are presented in Table 2 .
Performance of the io® CT assay
A number of tests (n=24/733; 3.3%) reported an invalid result on the first run and 100% of these reported an invalid result on a second. Of the 24 invalid results 20 were negative and four were positive for CT by the clinic routine CT/NG NAAT. In the logistic regression analysis, there were no factors associated with the io® CT assay result being invalid. 684 (Table 1 ). There were no significant differences in the performance of the io® CT assay in any of the diagnostic accuracy measures between symptomatic and asymptomatic participants, or between fresh and frozen SCVS samples run on the io® system (Table 1 ).
The study CT prevalence of 7.2% was higher than the 5.2% (p=0.0182) prevalence of all female patients routinely tested for CT attending the study clinics over the study period, determined by clinic GUMCAD data 22 . National CT prevalence data for females from GUMCAD (Hamish Mohammed, PHE, personal communication), and Natsal-3 (Sept 2010-Aug 2012) 23 were 6.7% and 3.1%, respectively. PPVs for these data sets were 74.4% (95%CI 65.8-81.5) and 57.7% (95%CI 47.3-67.4) respectively. NPVs were comparable to the study NPV.
Risk factors for being CT positive
Factors associated with being CT positive in univariate logistic regression analysis were young age, being a sexual contact of a CT positive individual and having had an STI in the last year ( Table 2 ). In multivariate analysis, only being a sexual contact of CT remained as an independent risk factor.
DISCUSSION
In this first diagnostic performance evaluation of the io® CT assay, a 30-minute NAAT POCT for detection of genital CT infection in symptomatic and asymptomatic women, we have shown sensitivity and specificity of 96.1% (95%CI 86.5-99.5) and 97.7% (95%CI 96.3-98.7) respectively. The PPV and NPV were 76.6% (95%CI 64.3-86.2) and 99.7% (95%CI 98.9-100.0) respectively, with a study CT prevalence of 7.2% (95%CI 5.4-9.3).
National and international guidelines recommend laboratories use NAATs for the diagnosis of CT
infections due to their superior performance compared with other diagnostic technologies 9-11 .
Performance evaluations for US Food and Drug Administration (FDA) approval use a Patient Infection
Status (PIS) or composite gold standard study design, with data for some of the most commonly used laboratory-based NAATs on self-collected vaginal swabs indicating sensitivities between 96.5%-98.4% and specificities between 95.6%-99.2% [24] [25] [26] [27] . The Cepheid GeneXpert CT/NG rapid NAAT, which is not a traditional laboratory-based NAAT, has a reported sensitivity and specificity of 98.7% (95%CI 93.1-100) and 99.4% (95%CI 98.9-99.7) using a PIS reference standard 15 . We however employed a discrepant analysis approach for our study, and published evaluations of laboratorybased NAATs for CT detection using vaginal swabs using this approach report sensitivities of 80.4%-100.0%, and specificities of 99.5%-100.0% [28] [29] [30] . The io® CT POCT, as evaluated in our study, thus has a comparable sensitivity but potentially lower specificity than these laboratory-based NAATs.
However, a previous evaluation of the io® CT assay, also employing a discrepant analysis approach, indicated a specificity comparable to those reported for laboratory-based NAATs and higher than in our study, of 99.0% (USA) 31 . This variation in performance measures achieved supports the importance of conducting diagnostic accuracy studies in different settings and populations 32 .
A test's PPV is directly affected by the CT prevalence in the population tested. To compare how the laboratory-based NAATs evaluated by discrepant analysis would perform in our study population, we calculated their PPVs using our study prevalence of 7.2%. The resulting PPVs ranged between 93.9% (95%CI 84.6-98.8) and 100% (95%CI 93.0-100.0). The io® CT assay PPV in our study of 76.6% (95%CI 64.3-86.2) is at the lower end of the range. When applying the sensitivity and specificity estimates from the previous io® CT assay diagnostic accuracy evaluation 31 to our study prevalence, a PPV of 87.9% (95%CI 75.5-94.7) was achieved. We also assessed how the io® CT assay would perform in high (GUMCAD) and low (Natsal) CT prevalence settings by calculating how the predictive values would change based on the prevalence data reported for these settings. PPVs were 74.4% and 57.7% for GUMCAD and Natsal respectively, and NPVs were 99.7% and 99.9% respectively. Previous British Association for Sexual Health and HIV (BASHH) guidelines from 2010 33 stated that testing platforms must have a PPV of over 90%. This is no longer mentioned in current BASHH guidelines 34 , possibly because previous guidelines were written at a time when performance characteristics for laboratorybased NAATs were variable and when POCT NAATs were not available. The way in which the io® CT assay is best implemented in clinical pathways as a POCT in view of these PPV results should be considered, for example assessing patient CT infection risk to increase CT positivity in the tested population.
Consequently, risk factor analyses may be helpful in targeting who to test with the io® CT assay.
Previous work in UK GUM/RSH clinics has indicated that younger age (<20), more than one (concurrent) sexual partner, black ethnicity and smoking are independent risk factors for CT in women 35 . In our analysis risk factors included younger age, having had an STI in the last year and being a sexual contact of someone diagnosed with CT in univariate analyses, although only the latter remained an independent risk factor in the multivariate analysis. Being a sexual contact of an individual with a sexually transmitted infection is reported to be a risk factor for CT infection in studies from Europe and the US 21 . It is important to consider that in other populations or settings these risk factors may be different 21-23-36 , and targeted testing might need to be adjusted accordingly. This targeted-patient approach is further supported by the io® system's current single-modular platform design, which has the potential for multiple systems to be placed in a clinic at any one time.
Equally, there are practical implications of the io® CT assay 3.3% failure rate, which although consistent with that of the GeneXpert CT/NG assay on first attempt 15 , did not improve after repeat testing, suggesting that following an initial invalid result, patients would need to be recalled to provide a new sample. This may have implications for the cost-effectiveness of deploying this test, and with no factors predicting likelihood of an invalid result, it is not possible to factor in adjustments to sample collection pathways to mitigate potential invalid test results.
Sampling from different UK GUM/RSH clinics enabled us to both target high-risk patients to achieve the positivity required for the study and capture different populations that are more representative of the GUM/RSH clinic attendees for the whole of the UK than would have been possible with a single-site study. The operators performing the io® CT assay testing were blind to the initial comparator test results, and vice versa, as well as to participant clinical and demographic characteristics, and data analysis was conducted independently at PHE. All participating clinics used the same routine clinic NAAT to provide a CT diagnosis for participants ensuring consistency across the study. However, only one sample type for one anatomical site was evaluated. Whereas vulvovaginal swabs are routinely used in GUM/RSH clinics for NAAT diagnosis of urogenital CT infection, endo-cervical and urine samples are also commonly used , and there is increasing evidence for the importance of extra-genital sampling in women [38] [39] . When analysing GUMCAD data for the study clinics during the study period, the CT prevalence of all women being tested for was 5.2%, lower than our participant 7.2% prevalence. Although this indicates a recruitment bias, probably because patients considered more likely to be CT-positive (e.g. CT-positive sexual partner 21 ) were approached to participate in order to meet our 50 CT-positive sample size, there is no reason to suspect that this would have affected our estimates of the io® CT assay's sensitivity and specificity.
We employed discrepant testing to define our reference standard if the io® CT assay result did not agree with that of the initial comparator test, rather than a composite gold standard approach where at least two reference tests are used together (typically searching for a different target), and a clear definition of a positive and a negative is provided [40] [41] . Discrepant testing is known to introduce an initial bias towards the index test (io® CT assay) [42] [43] . A better reference standard, decided by, for example, three independent reference tests against which the index test is compared, would have provided a more accurate estimate of performance of the io® CT assay 41 . However, this was not logistically possible within our study.
The io® CT assay has been CE-marked and licensed for use in Europe in women only 44 . Future research is required to evaluate its performance in different settings, as well as in male participants.
Although previous modelling work has demonstrated that a CT-only POCT could have an epidemiological impact and be cost-saving at the local level 45 , dual CT/NG NAAT testing is most commonly employed in GUM/RSH settings in the UK. Therefore, further work is needed to assess the feasibility, acceptability and cost-effectiveness of a CT-only POCT in GUM/RSH clinic settings. Atlas Genetics Ltd is currently developing a dual CT/NG assay for both male and female samples, which could overcome the limitations of a single-pathogen test.
CONCLUSIONS
We have shown that the io® CT-assay is the only 30-minute, fully automated, high-performing NAAT currently CE-marked for CT diagnosis in women, making it a highly promising diagnostic to enable specific treatment, initiation of partner notification and appropriately intensive health promotion at the point of care. Future research is required to evaluate the io® CT assay's acceptability by clinicians and patients in GUM/RSH clinics, impact on clinical pathways and patient management, and costeffectiveness.
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